Introduction {#sec1-1744806919832718}
============

Headache is a major health problem, and it caused many unwanted health problems such as stress and sleep deprivation. Migraine is common types of primary headaches disorder characterized by recurrent headaches, which is present with pulsing head pain, nausea, vomiting, photophobia (sensitivity to light), and phonophobia (sensitivity to sound).^[@bibr1-1744806919832718],[@bibr2-1744806919832718]^ There are two main theories of migraine pathogenesis that are the vascular theory and the central neuronal theory. However, the underlying molecular mechanisms are not fully known.^[@bibr3-1744806919832718]^ Recent clinical studies show that the neuropeptide calcitonin gene-related peptide (CGRP) plays a key role in migraine. It is known that CGRP is released by the activation of primary sensory neurons in the trigeminal vascular system in humans. The concentrations of CGRP have been reported to be elevated in both saliva and plasma drawn during chronic migraine.^[@bibr3-1744806919832718],[@bibr4-1744806919832718]^ Furthermore, administration of CGRP (i.v.) is able to induce migraine.^[@bibr5-1744806919832718]^ Clinical studies have demonstrated that CGRP receptor antagonists are effective for treating migraine.^[@bibr4-1744806919832718],[@bibr6-1744806919832718],[@bibr7-1744806919832718]^

The anterior cingulate cortex (ACC) is a critical cortical region for pain perception and emotion. Neurons in the ACC are activated by noxious sensory stimuli and inhibition of excitatory transmission in the ACC neurons produced analgesic effects in different animal models of chronic pain.^[@bibr8-1744806919832718][@bibr9-1744806919832718][@bibr10-1744806919832718]--[@bibr11-1744806919832718]^ Considerable clinical evidence suggests that the ACC is also involved in the modulation of migraine processing.^[@bibr2-1744806919832718],[@bibr12-1744806919832718]^ Human brain imaging studies suggest that ACC activities are increased during or after chronic migraine.^[@bibr13-1744806919832718],[@bibr14-1744806919832718]^ Excitatory neurotransmitters in the ACC and insula are altered in migraine patients during their interictal period.^[@bibr15-1744806919832718]^ In our recent animal model of migraine, we found that activity-induced ACC long-term potentiation (LTP) was affected (Liu et al., unpublished). Although CGRP and its receptors have been reported in the ACC, less is known if CGRP may affect synaptic transmission. In the present experiments, we used a 64-channel multielectrode array recording system (MED64) to record the effects of CGRP on synaptic transmission and cortical network in the ACC of adult mice.

Materials and methods {#sec2-1744806919832718}
=====================

Animals {#sec3-1744806919832718}
-------

Adult male C57BL/6 mice were purchased from the Experimental Animal Center of Xi'an Jiaotong University (8--12 weeks old). *AC1*^−/−^ mice were a gift from Dr. Daniel R. Storm (University of Washington, Seattle, WA)^[@bibr16-1744806919832718]^ and were maintained on a C57BL/6 background. All mice were randomly housed in corncob-lined plastic cages under an artificial 12-h light/dark cycle (lights on 9 a.m. to 9 p.m.) with food and water provided *ad libitum*, at least one week before carrying out experiments. Animal protocols were approved by the Ethics Committee of Xi'an Jiaotong University.

Brain slice preparation {#sec4-1744806919832718}
-----------------------

Coronal brain slices (300 μm) containing the ACC from C57BL/6 mice or *AC1*^−^*^/^*^−^ mice were prepared using standard methods.^[@bibr17-1744806919832718],[@bibr18-1744806919832718]^ Briefly, mice were anesthetized with 1%--2% isoflurane and sacrificed by decapitation. The whole brain was quickly removed from the skull and submerged in the ice-cold oxygenated (95% O~2~ and 5% CO~2~) artificial cerebrospinal fluid (ACSF) containing (in mM) 124 NaCl, 2.5 KCl, 2 CaCl~2~, 2 MgSO~4~, 25 NaHCO~3~, 1 NaH~2~PO~4~, and 10 glucose, pH 7.3--7.4. After cooling for a short time, the whole brain was trimmed for an appropriate part to glue onto the cutting staged tissue slicer of a Leica VT1200S Vibratome. Slices were transferred to a submerged recovery chamber with oxygenated (95% O~2~ and 5% CO~2~) ACSF at room temperature for at least 1 h.

Chemicals and drug application {#sec5-1744806919832718}
------------------------------

α-CGRP was purchased from BACHEM AG (Bubendorf, Switzerland). CGRP~8-37~ (CGRP1 receptor antagonist), AP-5 (D (-)-2-amino-5-phosphonopentanoic acid), NMDA receptor antagonist), and KT5720 (protein kinase A (PKA) inhibitor) were obtained from Tocris Cookson (Bristol, UK). NB001 was provided by NeoBrain Pharmac Inc (Canada). Drugs were prepared as stock solutions for frozen aliquots at −20°C. They were diluted from the stock solution to the final desired concentration in the ACSF before being applied to the perfusion solution.

Field potential recording {#sec6-1744806919832718}
-------------------------

### Preparation of the multi-electrode array {#sec7-1744806919832718}

The MED64 recording system (Panasonic, Japan) was used for extracellular field potential recordings. There is an array of 64 planar microelectrodes in the MED64 probe (P515A, Panasonic, Japan), arranged in an 8 × 8 pattern, with an interpolar distance of 150 μm. The surface of the MED64 probe was treated with 0.1% polyethyleneimine (Sigma, St. Louis, MO; P-3143) in 25 mmol/L borate buffer (pH 8.4) overnight at room temperature before experiments. Then the surface of probe was rinsed three times with sterile distilled water.^[@bibr17-1744806919832718],[@bibr19-1744806919832718]^

### Electrophysiological recordings {#sec8-1744806919832718}

After incubation, one slice containing the ACC was transferred to the prepared MED64 probe and perfused with oxygenated (95% O~2~ and 5% CO~2~) ACSF at 28--30°C and maintained at a 2 ml/min flow rate. The slice was positioned on the MED64 probe in such a way that the different layers of the ACC were entirely covered by the whole array of the electrodes, and then a fine-mesh anchor was placed on the slice to ensure its stabilization during the experiments. One of the channels located in the layer V of the ACC was chosen as the stimulation site, from which the best synaptic responses can be induced in the surrounding recording channels. Slices were kept in the recording chamber for at least 1 h before the start of experiments. Bipolar constant current pulse stimulation (1--10 µA, 0.2 ms) was applied to the stimulation channel, and the intensity was adjusted so that a half-maximal field excitatory postsynaptic potential (fEPSP) was elicited in the channels closest to the stimulation site. The channels with fEPSPs were considered as active channels and their fEPSPs responses were sampled every 1 min and averaged every 5 min. The parameter of "slope" indicated the averaged slope of each fEPSP recorded by activated channels. Stable baseline responses were first recorded until the baseline response variation less than 5% in most of the active channels within 0.5 h. After recording stable baseline, the drug of CGRP was applied 30 min before washout in the C57BL/6 and *AC1*^−^*^/^*^−^ mice. AP-5 or KT5720 was applied 30 min before CGRP applied and washed out together with CGRP.

Whole-cell patch-clamp recording {#sec9-1744806919832718}
--------------------------------

Whole-cell patch-clamp recordings were based on our previous studies.^[@bibr18-1744806919832718],[@bibr20-1744806919832718]^ Experiments were performed in a recording chamber on the stage of an Olympus BX51W1 microscope equipped with infrared differential interference contrast optics for visualization. Excitatory postsynaptic currents (EPSCs) were recorded in the voltage-clamp configuration, and the resting membrane potential was held at −60 mV from layer II/III pyramidal neurons in the ACC with an Axon 200B amplifier (Axon Instruments). The recording pipettes (3--5 MΩ) were filled with a solution containing (in mM) 145 K-gluconate, 5 NaCl, 1 MgCl~2~, 0.2 EGTA, 10 HEPES, 2 Mg-ATP, and 0.1 Na^3^-GTP (adjusted to pH 7.2 with KOH, 290 mOsmol). NMDA receptor-mediated EPSCs were recorded in Mg^2+^-free ACSF and neurons were held at −70 mV in the presence of CNQX (20 µM) and glycine (1 µM). The stimulation was delivered by a bipolar tungsten-stimulating electrode placed in layers V/VI of the ACC. Picrotoxin (100 µM) was always present to block GABAa receptor-mediated inhibitory synaptic currents in all experiments. Access resistance was 15--30 MΩ and monitored throughout the experiment. Data were discarded if access resistance changed 15% during an experiment. Data were filtered at 1 kHz and digitized at 10 kHz using the digidata 1440A. Data were collected and analyzed with Clampex and Clampfit 10.2 software (Axon Instruments).

Data analysis {#sec10-1744806919832718}
-------------

The data presented as means ± SEM. Statistical comparisons between two groups were performed using two-tail paired or unpaired Student's *t* test, one-way analysis of variance (ANOVA) to identify significant differences. In all cases, \**P* \< 0.05 was considered statistically significant.

Results {#sec11-1744806919832718}
=======

The expression of CGRP and its receptors in the ACC {#sec12-1744806919832718}
---------------------------------------------------

To understand if CGRP and its receptors may be distributed in mouse ACC, we took the advantage of online brain mapping database (the Allen Mouse Brain Atlas). By searching, we found that in adult mouse brains the *Calca* gene is highly enriched in the ACC of wild-type mice, which encoded the α-CGRP in the brain ([Figure 1(a)](#fig1-1744806919832718){ref-type="fig"}, <http://mouse.brain-map.org/experiment/show/79587715>). Consistent with CGRP distribution in the ACC, the calcitonin receptor-like receptor (CGRP1 receptor) mRNA is also highly expressed in the ACC ([Figure 1(c)](#fig1-1744806919832718){ref-type="fig"}, <http://mouse.brain-map.org/experiment/show/74988670>). Especially in both layers II--III and deep layers of the ACC, they are highly expressed. In addition, another form of CGRP gene (*Calcb*) mRNA-encoded β-CGRP is also found in the ACC area ([Figure 1(b)](#fig1-1744806919832718){ref-type="fig"}, <http://mouse.brain-map.org/experiment/show/69540278>). Furthermore, we found that a receptor activity-modifying protein (RAMP1) mRNA was expressed in the ACC, which is another low-affinity CGRP receptor ([Figure 1(d),](#fig1-1744806919832718){ref-type="fig"}<http://mouse.brain-map.org/experiment/show/1913>). These results are consistent with a recent report that CGRP, CGRP1 receptor, and RAMP1 immunoreactivities were detected in the almost entire cortical layers.^[@bibr21-1744806919832718]^

![Expression of the CGRP and its receptors in the ACC (from the Allen Mouse Brain Atlas). (a) In situ hybridization on a coronal section of mouse brain, showing the expression of the α-CGRP gene in the ACC of wild-type mice (rectangled area, <http://mouse.brain-map.org/experiment/show/79587715>). (b) In situ hybridization on a sagittal section of mouse brain, showing the expression of the β-CGRP gene in the ACC of wild-type mice (rectangled area, <http://mouse.brain-map.org/experiment/show/69540278>). (c) In situ hybridization on a coronal section of mouse brain, showing expression of the calcitonin receptor-like receptor (CGRP1 receptor) gene in the ACC of wild-type mice (rectangled area, <http://mouse.brain-map.org/experiment/show/74988670>). (d) In situ hybridization on a sagittal section of mouse brain, showing expression of the RAMP1 gene in the ACC of wild-type mice (rectangled area, <http://mouse.brain-map.org/experiment/show/1913>). CGRP: calcitonin gene-related peptide; RAMP1: receptor activity-modifying protein 1.](10.1177_1744806919832718-fig1){#fig1-1744806919832718}

CGRP-induced long-term potentiation {#sec13-1744806919832718}
-----------------------------------

Due to high-level expression of CGRP and its receptors, we wanted to examine if CGRP may affect excitatory synaptic transmission in the ACC. The 64-channel multielectrode array recording system (MED64) is a unique system to record field responses over a long period of time.^[@bibr17-1744806919832718],[@bibr22-1744806919832718]^ The location of the 8 × 8 array MED64 probe electrodes within the ACC slice was shown in [Figure 2(a)](#fig2-1744806919832718){ref-type="fig"}. One channel in the deep layer V of the ACC was chosen as the stimulation site, and field excitatory postsynaptic potentials (fEPSPs) were recorded from the other 63 channels around the stimulation site. After 30 min stable baseline recording, CGRP (100 nM) was applied for 30 min and then washed out. As shown in a typical sample slice with 23 active channels in the ACC ([Figure 2(a) to (d)](#fig2-1744806919832718){ref-type="fig"}), 14 active channels (60.9%) showed potentiation of the fEPSP slope lasting for 4 h (L-LTP, 216.2 ± 7.0% of baseline) and four active channels (17.4%) showed a short-term potentiation lasting for \<2 h (S-LTP), while five channels (21.7%) showed no potentiation throughout the entire recording period. The final averaged slope of all 23 channels was 184.3 ± 11.9% of baseline at 4 h after CGRP application ([Figure 2(e) and (](#fig2-1744806919832718){ref-type="fig"}f)).

![Spatial distribution of CGRP-induced LTP in the ACC obtaining with multichannel field potential recording. (a) Schematic diagram and the microphotograph showed the scale of the MED-64 probe (left), location of MED-64 probe on the ACC slice (middle), and one example microscopy photograph of the location of ACC slice and MED-64 probe (right). (b) Two mapped samples showed the spatial distribution of evoked field potentials in the ACC of baseline (left) and after the application of CGRP (right). The fEPSPs were induced by electrical stimulation on one channel (20, marked as light yellow) and were recorded from the other 63 channels for 30 min baseline (black), 30 min applied CGRP (100 nM), and 3.5 h after washout CGRP (Red). Channels with late phase LTP (L-LTP), short-term LTP (S-LTP), and no LTP were marked as "1" (blue) and "2" (green), and "3" (black), respectively. Vertical lines indicated the layers of ACC slices. (c) The sample temporal changes of the fEPSP slopes with three types of plasticity from one ACC slice of applying CGRP: 14 channels with L-LTP, 4 channels with S-LTP, and 5 channels without potentiation. (d) The averaged temporal changes of fEPSP slopes with three types of plasticity from one ACC slice of the application of CGRP: L-LTP, S-LTP, and no LTP. (e) The final averaged slope shown for all 23 active channels with 4 h after the application of CGRP in the ACC one slice. (f) Summarized data showed fEPSP slopes from channels with only L-LTP and from total active channels after the application of CGRP in the ACC one slice. The dashed line indicated the mean basal synaptic responses. CGRP: calcitonin gene-related peptide; LTP: long-term potentiation; fEPSP: field excitatory postsynaptic potential.](10.1177_1744806919832718-fig2){#fig2-1744806919832718}

We then tested dose--response curves of CGRP's effect on synaptic transmission in the ACC ([Figure 3](#fig3-1744806919832718){ref-type="fig"}). As shown in [Figure 3(a)](#fig3-1744806919832718){ref-type="fig"}, a low dose of CGRP (1 nM) applied for the same duration did not change the fEPSP slope in the ACC (102.0 ± 4.7% of baseline, n = 7 slices/4 mice, *P* = 0.47, paired *t* test). The slope of fEPSP was no significantly changed after the application of 10 nM CGRP (121.2 ± 12.1% of baseline, n = 6 slices/3 mice, *P* = 0.12, paired *t* test).

![CGRP dose-dependently induced chemical LTP in the ACC. (a) Sample traces (top) and pooled fEPSP slopes (down) to illustrate the time course of 1 nM CGRP failed to induce LTP in the ACC (n = 7 slices/4 mice). (b) Sample traces (top) and pooled fEPSP slopes (down) to illustrate the time course of 10 nM CGRP potentiated the fEPSP slopes a little in the ACC (n = 6 slices/3 mice). (c) Sample traces (top) and pooled fEPSP slopes (down) to illustrate the time course of 50 nM CGRP induced a persistent LTP in the ACC (n = 7 slices/5 mice). (d) Sample traces (top) and pooled fEPSP slopes (down) to illustrate the time course of 100 nM CGRP induced a persistent LTP in the ACC (n = 7 slices/6 mice). (e) Statistical results showed that CGRP dose-dependently induced LTP after the application of CGRP 4 h in the ACC. (f) CGRP dose-dependently increased the percentage of L-LTP-occurring channels in the ACC. The dashed line indicated the mean basal synaptic responses. \**P* \< 0.05, and \*\*\**P* \< 0.001, error bars indicated SEM.](10.1177_1744806919832718-fig3){#fig3-1744806919832718}

However, after the application of 50 nM, CGRP induced a persistent chemical LTP in the ACC and lasted for 4 h (137.1 ± 12.9% of baseline, n *=* 7 slices/5 mice, *P* \< 0.05, paired *t* test). Moreover, 100 nM CGRP induced a robust and persistent chemical LTP in the ACC (165.4 ± 11.9% of baseline, n =  7 slices/6 mice, *P* \< 0.001, paired *t* test). This chemical LTP can last for more than 4 h and some slices could record for 6 h. Statistical results in [Figure 3(e)](#fig3-1744806919832718){ref-type="fig"} showed that CGRP dose-dependently increased synaptic transmission and induced chemical LTP in the ACC (F~(4,\ 31)~ = 8.83, *P* \< 0.001, one-way ANOVA). In addition, we analyzed the distribution ratios of L-LTP, S-LTP, and no LTP channels at different doses of CGRP application. We found that CGRP also dose-dependently increased the percentage of L-LTP-occurring channels in the ACC (1 nM: 5.7 ± 3.8%, 10 nM: 16.0 ± 9.1%, 50 nM: 33.0 ± 11.9%, 100 nM: 78.2 ± 7.4%, [Figure 3(f)](#fig3-1744806919832718){ref-type="fig"}).

Spatial distribution and recruitment of synaptic responses within CGRP-induced LTP {#sec14-1744806919832718}
----------------------------------------------------------------------------------

Next, we mapped the spatial distribution of the active responses in the ACC before and after CGRP-induced potentiation using the previous method.^[@bibr17-1744806919832718],[@bibr19-1744806919832718],[@bibr22-1744806919832718]^ As shown in [Figure 4(a) and (c)](#fig4-1744806919832718){ref-type="fig"}, the distribution of all observed activated-channels was displayed by a polygonal diagram on a grid representing the channels. The application of CGRP (100 nM) significantly enhanced the spatial distribution of active responses in the ACC. The region of four MED64 channels was defined as one unit and the area of one unit is 200 μm × 200 μm. The averaged area of activated regions was 18.4 ± 2.6 units for each slice and the area was increased to 22.6 ± 2.9 units after the application of CGRP (n *=* 7 slices/6 mice, *P* \< 0.01, [Figure 4(e)](#fig4-1744806919832718){ref-type="fig"}). The enlarged area was observed both in the deep and superficial layers in the ACC. Our previous studies reported that recruitment of synaptic responses can be observed in the theta burst stimulation (TBS) induction LTP.^[@bibr17-1744806919832718],[@bibr22-1744806919832718]^ The recruited channels also were observed in chemical LTP induced by the application of CGRP ([Figure 4(a) and (d)](#fig4-1744806919832718){ref-type="fig"}). In baseline phase, 26 ± 3 channels per slice (n *=* 7 slices/6 mice) were originally activated and showed fEPSPs. After CGRP-induced LTP, 5 ± 1 channels were recruited. These results suggest that CGRP enhances the network connection and recruitment of synaptic responses in the ACC.

![CGRP enhanced the network propagation of synaptic responses in the ACC. (a) Sample polygonal diagram showed the distribution of activated channels in the baseline state (blue) and CGRP recruited channels (red). The circled S indicates the stimulation site. (b) The sample traces showed the recruited response induced by CGRP. (c) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and the enlarged area after the application of CGRP (red) in seven slices from six wild-type mice. Black dots represented the 64 channels in the MED64. Vertical lines indicated the layers in the ACC slice. (d) and (e) The average number of active channels (d) and areas (e) that were activated before and after CGRP application. The area of one unit was defined 200 μm × 200 μm. \**P* \< 0.05 and \*\**P* \< 0.01, error bars indicated SEM.](10.1177_1744806919832718-fig4){#fig4-1744806919832718}

CGRP-induced LTP was blocked by CGRP1 receptor and NMDA receptor antagonists {#sec15-1744806919832718}
----------------------------------------------------------------------------

We then tested the role of calcitonin receptor-like receptor CGRP1 in CGRP-induced chemical LTP. As shown in [Figure 5(a)](#fig5-1744806919832718){ref-type="fig"}, in the presence of CGRP1 receptor antagonist CGRP~8--37~ (1 μM), CGRP-induced chemical LTP was completely blocked by CGRP~8--37~ (110.7 ± 13.3% of baseline, n = 6 slices/4 mice, F~(1,\ 11)~ = 8.67, *P* \< 0.05 vs. CGRP group, one-way ANOVA, [Figure 5(a) and (e)](#fig5-1744806919832718){ref-type="fig"}). CGRP~8--37~ also attenuated the enlargement spatial distribution of active responses induced by CGRP (15.0 ± 3.9 units for baseline; 15.6 ± 3.9 units for CGRP~8--37~ + CGRP; *P* = 0.58, paired *t* test; [Figure 5(b) and (f)](#fig5-1744806919832718){ref-type="fig"}).

![Calcitonin receptor-like receptor and NMDA receptor were required for CGRP-induced LTP in the ACC. (a) Bath applied CGRP1 receptor antagonist CGRP~8-37~ (1 μM) completely blocked CGRP (100 nM)-induced LTP in the ACC slices (n = 6 slices/4 mice). (b) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and after the application of CGRP~8-37~ + CGRP (red) in six slices from four wild-type mice. (c) Bath applied NMDA receptor antagonist AP-5 (50 μM) blocked CGRP-induced LTP in the ACC slices (n = 6 slices/4 mice). (d) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and after the application of AP-5 + CGRP (red) in six slices from four wild-type mice. (e) Summarized results of the CGRP~8-37~ and AP-5 on CGRP-induced LTP in the ACC. (f) There were no significant enlarged areas after the application of CGRP in the presence of CGRP~8-37~ and AP-5 in the ACC. The mean slopes of fEPSPs were determined within last 30 min of 4 h LTP recording. All antagonists were applied 30 min before the application of CGRP and washed out together. The dashed line indicated the mean basal synaptic responses. \**P* \< 0.05 and \*\**P* \< 0.01 mean antagonist groups versus CGRP group. n.s. means no significant difference, error bars indicated SEM.](10.1177_1744806919832718-fig5){#fig5-1744806919832718}

NMDA receptors play crucial roles in the induction of LTP.^[@bibr10-1744806919832718],[@bibr23-1744806919832718],[@bibr24-1744806919832718]^ Next, NMDA receptor antagonist AP-5 (50 μM) was bath-applied 30 min before the application of CGRP and then washed out together. We found that the fEPSP slope was not increased by the application of CGRP in the presence of AP-5 (105.8 ± 11.4% of baseline, n = 6 slices/4 mice, F~(1,\ 11)~ = 11.83, *P* \< 0.05 vs. CGRP group, one-way ANOVA, [Figure 5(c) and (e)](#fig5-1744806919832718){ref-type="fig"}). Moreover, the spatial distribution of active responses was also not changed by the application of CGRP in the presence of AP-5 (14.3 ± 2.5 units for baseline; 13.8 ± 2.0 units for AP-5 + CGRP; *P* = 0.61, paired *t* test; [Figure 5(d) and (f)](#fig5-1744806919832718){ref-type="fig"}). Taken together, these results indicate that the roles of CGRP in the ACC are CGRP1 receptor and NMDA receptor dependent.

CGRP increased NMDA receptor-mediated EPSCs {#sec16-1744806919832718}
-------------------------------------------

Since NMDA receptor is important for CGRP-induced chemical LTP in the ACC, we then tested if CGRP affects NMDA receptor-mediated currents. We examined the effects of CGRP on the NMDA receptor-mediated EPSCs using whole-cell patch-clamp recording. As shown in [Figure 6(a)](#fig6-1744806919832718){ref-type="fig"}, we bath applied CGRP (100 nM, 20 min) after stable baseline recording. CGRP significantly increased the amplitudes of NMDA receptor-mediated EPSCs in both the application phase and washout phase. After 50 min, NMDA receptor-mediated EPSCs were increased to mean 193.6 ± 20.5% of baseline (n = 7 neurons/4 mice, *P* \< 0.01, paired *t* test, [Figure 6(b) and (c)](#fig6-1744806919832718){ref-type="fig"}). This result suggests that CGRP increases NMDA receptor-mediated synaptic transmission in the ACC.

![CGRP increased NMDA receptor-mediated EPSCs. (a) Sample traces (top) and sample time course points (bottom) showing the effect of CGRP (100 nM) on NMDA receptor-mediated EPSCs in the ACC pyramidal neuron. (b) Summarized time course points showed that NMDA receptor-mediated EPSCs were increased by the application of CGRP in the ACC neurons (n = 7 neurons/4 mice). (c) Statistical results showing the amplitude percentage of NMDA EPSCs during baseline, application of CGRP, and washout in the ACC. \**P* \< 0.05 and \*\**P* \< 0.01, error bars indicated SEM.](10.1177_1744806919832718-fig6){#fig6-1744806919832718}

AC1 and PKA were required {#sec17-1744806919832718}
-------------------------

In the ACC, postsynaptic LTP requires the activation of Ca^2+^/calmodulin-stimulated adenylyl cyclase 1(AC1) and PKA.^[@bibr10-1744806919832718]^ We then tested whether AC1 and PKA signal pathways were required for CGRP-induced chemical LTP. In genetic knockout of *AC1*^−^*^/^*^−^ *mice*, CGRP-induced LTP was impaired in the ACC (120.0 ± 20.8% of baseline, n = 6 slices/3 mice, F~(1,\ 11)~ = 10.04, *P* \< 0.05 vs. CGRP, [Figure 7(a) and (g)](#fig7-1744806919832718){ref-type="fig"}). The spatial distribution of active responses was also not affected by the application of CGRP in *AC1*^−^*^/^*^−^ *mice* ([Figure 7(b) and (h)](#fig7-1744806919832718){ref-type="fig"}). To further test the role of AC1, we used a selective AC1 inhibitor NB001. In the presence of AC1 inhibitor NB001 (20 μM), CGRP-induced LTP was attenuated by NB001 in the ACC (106.7 ± 14.4% of baseline, n *=* 6 slices/4 mice, F~(1,\ 11)~ = 9.37, *P* \< 0.05 vs. CGRP, [Figure 7(c) and (g)](#fig7-1744806919832718){ref-type="fig"}) and related network propagation was also inhibited ([Figure 7(d) and (h)](#fig7-1744806919832718){ref-type="fig"}). Finally, we applied KT5720 (1 μM), a PKA inhibitor, in the bath solution. We found that CGRP-induced LTP in the ACC was completely decreased by KT5720 (108.6 ± 17.7% of baseline, n *=* 6 slices/4 mice, F~(1,\ 11)~ = 12.38, *P* \< 0.01 vs. CGRP, [Figure 7(e) and (g)](#fig7-1744806919832718){ref-type="fig"}), and no new active responses increased in the presence of KT5720 ([Figure 7(f) and (h)](#fig7-1744806919832718){ref-type="fig"}). Taken together, these data suggest that CGRP-induced potentiation requires AC1-PKA signal pathways in the ACC.

![Adenylyl cyclase and PKA signal pathways were involved in CGRP-induced LTP in the ACC. (a) In *AC1*^−/−^ mice, CGRP-induced LTP was attenuated in the ACC slices (n = 6 slices/3 mice). (b) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and after the application of CGRP (red) in *AC1*^−/−^ mice. (c) In the presence of AC1 inhibitor NB001, CGRP-induced LTP was inhibited by NB001 (20 μM) in the ACC slices (n = 6 slices/4 mice). (d) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and after the application of NB001+ CGRP (red) in six slices from four wild-type mice. (e) PKA inhibitor, KT5720 (1 μM) completely inhibited CGRP-induced LTP (n = 6 slices/4 mice). (f) Superimposed polygonal diagrams of the activated channels in the baseline state (blue) and after the application of KT5720 + CGRP (red) in six slices from four wild-type mice. (g) Summary results showing the effects of in *AC1*^−/−^ mice, AC1 inhibitor and PKA inhibitor on CGRP-induced LTP in the ACC. (h) There were no significant enlarged areas after the application of CGRP in *AC1*^−/−^ mice, in the presence of NB001 and KT5720 in the ACC. The dashed line indicated the mean basal synaptic responses. \**P* \< 0.05 and \*\**P* \< 0.01 mean inhibitor groups versus CGRP group, error bars indicated SEM.](10.1177_1744806919832718-fig7){#fig7-1744806919832718}

Discussion {#sec18-1744806919832718}
==========

Due to the important roles of ACC in pain perception and chronic pain, it is likely that cortical excitation in the ACC may contribute to headache. There are cumulative evidences from both basic and clinical investigations that the neuropeptide CGRP plays important roles in migraine. In the present study, we found that CGRP dose-dependently facilitated excitatory synaptic transmission and enhanced the network propagation of cortical circuitry in the ACC. NMDA receptors are dependent for the role of CGRP in the ACC. In addition, AC1 and PKA are involved in the function of CGRP in the ACC. Our results indicate that CGRP may be involved in the ACC-related physiological and pathological functions, such as headache and migraine (see [Figure 8](#fig8-1744806919832718){ref-type="fig"}).

![The proposed model explains synaptic mechanisms of CGRP-induced chemical LTP in the ACC. Left: a simplified diagram shows that CGRP is released from trigeminal afferent nerve fibers, whose primary afferents innervate pial and dural meningeal vessels and whose efferent projections synapse with second-order neurons in the TNC of the brainstem. Neurons in the TNC project to the thalamus, where ascending input is integrated and relayed to the ACC. Right: a synaptic model for CGRP-induced LTP. CGRP in the ACC enhanced the synaptic transmission through a postsynaptic mechanism by the activation of NMDA receptor and AC1-PKA signal pathway. TNC: trigeminal nucleus caudalis.](10.1177_1744806919832718-fig8){#fig8-1744806919832718}

CGRP-induced potentiation in the ACC {#sec19-1744806919832718}
------------------------------------

Previous investigation of the effect of CGRP on central synaptic transmission are mainly focused on amygdala,^[@bibr25-1744806919832718][@bibr26-1744806919832718]--[@bibr27-1744806919832718]^ spinal cord,^[@bibr28-1744806919832718],[@bibr29-1744806919832718]^ and the bed nucleus of the stria terminalis.^[@bibr30-1744806919832718],[@bibr31-1744806919832718]^ In the amygdala, CGRP was reported to contribute to synaptic transmission and plasticity. CGRP facilitates synaptic transmission and contributes critically to the pain-related plasticity.^[@bibr32-1744806919832718]^ In the present study, we demonstrated that exogenous application of CGRP dose-dependently increased synaptic transmission and induced chemical LTP in the ACC. This CGRP-induced chemical LTP did not require high-frequency synaptic stimulation during the CGRP application.

CGRP can trigger the recruitment of cortical circuits and increase the spatial distribution of active responses in the ACC. This property of CGRP-induced chemical LTP is consistent with TBS-induced LTP in the ACC as our previous studies.^[@bibr17-1744806919832718],[@bibr22-1744806919832718]^ In the ACC, the recruitment is unlikely caused just by enhancement of synaptic transmission. We propose that CGRP-induced recruitment may be caused by the activation of "silent" synapses in the ACC.^[@bibr33-1744806919832718]^ Our results indicate that there are two possible mechanisms that may contribute to CGRP-induced potentiation at the circuit level in the ACC. One is CGRP-induced typical LTP, which is potentiation of synaptic responses by postsynaptic receptor modifications.^[@bibr11-1744806919832718]^ The other possibility is to recruit postsynaptic glutamate receptors into "silent" synapses. Future studies are clearly needed to investigate the exact molecular mechanism for CGRP produced effects in the ACC.

NMDA receptors are important {#sec20-1744806919832718}
----------------------------

In the ACC, there are at least two forms of LTP: presynaptic LTP (pre-LTP) and postsynaptic LTP (post-LTP). NMDA receptor-dependent Ca^2+^ signals are critical for the induction of post-LTP.^[@bibr10-1744806919832718],[@bibr11-1744806919832718],[@bibr23-1744806919832718],[@bibr34-1744806919832718]^ In our present study, CGRP-induced chemical LTP is also NMDA receptor-dependent LTP. Moreover, we found that CGRP application also enhanced NMDA receptor-mediated EPSCs. In the amygdala synapses, CGRP also induced a NMDA receptor-dependent LTP and increased NMDA receptor-mediated EPSCs in a PKA-dependent manner.^[@bibr25-1744806919832718][@bibr26-1744806919832718]--[@bibr27-1744806919832718]^ However, we failed to observe any CGRP enhanced AMPA receptor-mediated EPSCs in whole-cell patch recording configure (unpublished data). One possible explanation may be that CGRP induces synaptic potentiation through NMDA receptor-dependent LTP of AMPA receptor function.

AC1 and PKA signal pathway {#sec21-1744806919832718}
--------------------------

Previous studies have reported that CGRP produced synaptic enhancement through activating ACs and PKA in the amygdala.^[@bibr26-1744806919832718],[@bibr27-1744806919832718]^ In the ACC, we found that CGRP-induced chemical LTP was blocked in genetic deletion of neuronal or by a selective AC1 inhibitor NB001. These results provide strong evidence that CGRP enhanced ACC synaptic transmission through a postsynaptic mechanism by the activation of NMDA receptor and AC1 signal pathway. Furthermore, a PKA inhibitor also blocked CGRP-induced potentiation, supporting roles of cAMP-AC1 signaling pathway.

Physiological and pathological significance {#sec22-1744806919832718}
-------------------------------------------

Cumulative evidence from human and animal studies demonstrates that the ACC is important for pain-related perception and chronic pain.^[@bibr11-1744806919832718],[@bibr35-1744806919832718][@bibr36-1744806919832718]--[@bibr37-1744806919832718]^ Inhibiting the induction or expression of LTP in the ACC produces significant analgesic effects in different animal models of chronic pain such as neuropathic and inflammatory pain.^[@bibr9-1744806919832718],[@bibr38-1744806919832718],[@bibr39-1744806919832718]^ Clinical human brain imaging studies suggest that ACC activities are increased during or after chronic migraine.^[@bibr13-1744806919832718],[@bibr14-1744806919832718]^ Our present study show that CGRP-induced LTP in the ACC, indicating that CGRP may contribute to pathological pain by enhancing synaptic transmission and NMDA receptor functions in the ACC at least. Furthermore, we demonstrate that NB001, a novel and selective AC1 inhibitor, blocks CGRP-induced LTP in the ACC. Our results provide strong evidence that NB001 may be useful for future treatment of chronic headache and migraine.
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